Purpose] Fibronectin type III domain containing 5 (FNDC5)/irisin is an exercise-induced myokine, which contributes to cognitive functions. However, the relationship between the neuroprotective effects of FNDC5/irisin and hippocampal dendritic remodeling and astrocyte-secreted factors remains unclear. Therefore, we explored whether subchronic recombinant irisin treatment affected hippocampal morphology and some astrocyte-derived molecules.
INTRODUCTION
Irisin, which is cleaved from fibronectin type III domain containing 5 (FNDC5), is an exercise-responded myokine under controlling peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) 1 . Exercise-induced circulating irisin can cross the blood-brain barrier (BBB) and then induce the brain-derived neurotrophic factor (BDNF) in the hippocampus 2 . Mounting evidence has described the synaptic plasticity-promoting role of irisin in memory processes under physiological and pathological conditions such as Alzheimer's disease (AD) 2-3 .
Synaptic plasticity is a crucial mechanism underlying memory processes, in which especially the structural plasticity such as dendritic rearrangement plays a regulatory role in synaptic connectivity. Astrocytes, which are the most abundant glial cells in the brain, provide crucial metabolic and trophic support to neurons 4 . Astrocytes of the gray matter are structural and functional components of synapses, which secrete diverse synaptogenic signals to control synaptic formation and function, including thrombospondins (TSPs), hevin, secreted protein acidic and rich in cysteine (SPARC), and transforming growth factor β-1 (TGF-β1) 5-8 . The astrocyte-secreted factors have been well-studied in a purified retinal ganglion cell (RGC) culture system, in which TSPs and hevin induce the excitatory synapse formation by binding to α2δ-1 and bridging between Neurexin-1α and neuroligin-1B, respectively 5,9 . Moreover, in the dentate gyrus area, the decrease occurred in proliferating cells but not in differentiating cells in SPARC KO mice 10 . TGF-β1 contributes to the formation of both excitatory and inhibitory synapses. For example, hippocampal TGF-β1 overexpression or D-serine-mediated TGF-β1 signaling in cortex neurons promoted excitatory synaptogenesis, while TGF-β1 induced inhibitory synaptogenesis through CaM kinase II signaling 11-13 .
Based on the above-addressed information, it is speculated that hippocampal astrocyte-derived factors are important for structural plasticity associated with memory processes. However, the modulatory role of irisin in the dendritic remodeling of hippocampal neurons and as-
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trocyte-secreted factors profile involved in synaptogenesis remains eluive. Herein, we assessed the cytoarchitecture and several astrocyte-derived factors mRNA in hippocampus of subacute irisin-treated mice. 
METHODS
Experimental mice
Golgi staining, neuronal reconstruction, and morphometric analyses
Golgi-Cox staining of brain tissue was performed using a NovaUltra TM Golgi-Cox Stain Kit (IHC World, Woodstock, MD, USA) according to the procedure suggested by the manufacturer. The protocols for Golgi staining, reconstruction, and morphometric analysis have been described in a previous publication by our group 14 .
Quantitative reverse transcription polymerase chain reaction
The total RNA from mouse brain was extracted, and complementary DNA (cDNA) was synthesized using MultiScribe Reverse Transcriptase (Applied Biosystems, Foster city, CA, USA). Real-time qRT-PCR with SYBR Green PCR Master Mix (Thermo Fisher Scientific, MA, USA) was performed using an ABI 7900 Sequence Detector System (Applied Biosystems). Fold change was calculated using the 2-ΔΔCT method. The primer sequences were as follows: Pgc1a: forward 5'-ATG TGA CTG GGG ACT GTA AGA-3', reverse 5'-GCA GCA CAC TCT ATG TCA CTC-3'; Fndc5: forward 5'-ATG AAG GAG ATG GGG AGG AA-3', reverse 5'-GCG GCA GAA GAG AGC TAT AAC A-3'; Bdnf: forward 5'-CAG GAC AGC AAA GCC ACA AT-3', reverse 5-GCC TTC ATG CAA CCG AAG TA-3'; Tsp-1; forward 5′-TGG CCA GCG TTG CCA-3′, reverse 5′-TCT GCA GCA CCC CCT GAA-3′; Tsp-2 forward 5′-GCA TAG GGC CAA GAG CTT CTG-3′, reverse 5′-CCG GTT AAT GTT GCT GAT GCT-3′; Sparc forward 5'-CTGGACGAGAGCAACACC-3', reverse 5'-AAGAAGTGGCAGGAAGAGTC-3'; Hevin: forward 5′-GGCTGAAGAAAGCCAGACAC-3′, reverse 5′-GTGTCCTTCTGGTTGCCAAT-3′; Tgf-b1: forward 5'-ATTCCTGGCGTTACCTTGG-3', reverse 5'-CCTG-TATTCCGTCTCCTTGG-3'; Gapdh: forward 5'-AACTC-CCACTCTTCCACCTTCG-3', reverse 5'-TCCACCAC-CCTGTTGCTGTAG-3'
Statistical analysis
Significant differences between groups were determined using independent t-tests (SPSS for Windows, version 18.0, Chicago, IL, USA). All values are reported as mean ± standard error of mean (SEM). Values of p < 0.05 were consid-ered statistically significant.
RESULTS
The seven consecutive days of irisin treatment caused dendritic remodeling in CA1 and CA3, but not dentate gyrus (DG)
Mice were intraperitoneally injected with irisin (0.5 µg/ kg/day; Phoenix Pharmaceuticals Inc., CA, USA) for seven days, and then morphometry was conducted 2 days later ( Fig. 1A) . We found that total dendritic length (CA1: t8 = -2.38, p < 0.05; CA3: t8 = -2.59, p < 0.05; DG: t8 = 0.16, p > 0.05), branch point (CA1: t8 = -2.84, p < 0.05; CA3: t8 = -2.50, p < 0.05; DG: t8 = -0.40, p > 0.05), and spine density (CA1: t8 = -3.37, p < 0.05; CA3: t8 = -3.13, p < 0.05; DG: t8= -0.60, p > 0.05) were significantly enhanced by irisin treatment in hippocampal CA1 and CA3 areas, but not DG ( Fig. 1B-D) .
The seven consecutive days of irisin treatment upregulated hippocampal PGC-1α, irisin, BDNF, and Hevin transcripts and downregulated TGF-β1
Next, we found that the exogenous irisin treatment enhanced the hippocampal PGC-1α (t6 = -3.99, p < 0.01), FNDC5 (t6 = -5.13, p < 0.01), and BDNF (t6 = -3.60, p < 0.05) mRNA levels (Fig. 1E) . Moreover, the hevin (t6 = -3.66, p < 0.05) mRNA levels were enhanced by irisin treatment, while those of TGF-β1 were significantly reduced by irisin ( Fig. 1F ). TSP-1 (t6 -0.45, p > 0.05), TSP-2 (t6 = 0.20, p > 0.05), and the SPARC (t6 = 0.48, p > 0.05) levels were not different between the groups (Fig. 1F ).
DISCUSSION
The current study demonstrated that the subacute treatment with irisin enlarged dendrites of hippocampal CA1 and CA3 neurons. Furthermore, the intraperitoneal treatment with irisin caused the induction of PGC-1α, BDNF, and FNDC5 mRNA, along with the up-regulation of hevin and down-regulation of TGF-β1 transcripts in the hippocampus.
FNDC5/irisin is an exercise-induced myokine under the control of PGC-1α, which induces hippocampal BDNF 1 . The PGC-1α/FNDC5/BDNF signal cascade is recently considered as a key mechanism underlying the exercise-elicited synaptic plasticity, neuroprotection, and cognitive improvement 2,3 .
In the present work, the recombinant irisin treatment for seven days enhanced dendritic length, dendritic arbor, and spine density of hippocampal CA1 and CA3 area, but not the DG area. This result suggests that the exogenous irisin may cross the BBB and affect the structural plasticity of hippocampal neurons. Moreover, this result implied the structural plasticity-promoting effects of FNDC5/ irisin. Since the morphological characteristics of dendrites contributes to the processing of neuronal activity and cir-
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Journal of Exercise Nutrition & Biochemistry cuitry through synaptic connectivity, which the primary sites of information input between neurons, the structural plasticity-promoting role of FNDC5/irisin contributes to the enhanced synaptic plasticity associated with cognition. This interpretation has some supportive evidence that the peripheral adenoviral-mediated FNDC5 improved hippocampal synaptic plasticity and memory impairment in the AD-model mouse 2,3 . Unlike CA fields, the unchanged cytoarchitecture in the DG area may be attributed to the predominant contribution of irisin to the neurogenic activity, although it was unclear and remains to be investigated further.
We confirmed that the peripheral irisin could induce the hippocampal induction of PGC-1α/FNDC5/BDNF transcripts. This result was consistent with results from the previous studies 2, 3, 15 , and this implied the coincidence of the peripheral-central PGC-1α/FNDC5/BDNF pathway.
Astrocytes regulate the formation of diverse types of synapses such as glutamatergic 7,8, 16 . Additionally, the neuroprotective effect of irisin was not observed in the neuro-nal culture with the direct treatment with irisin against the Aβ peptide toxicity, but this effect occurred in conditioned media from astrocyte culture with irisin 3 . A study demonstrated that irisin improved astrocytic glucose metabolism and transporter translocation into the membrane 17 . Based on the previous information, the probability that irisin may act through astrocytes attempted us to explore the expression of astrocyte-secreted factors. Notably, hevin mRNA levels were up-and TGF-β1 were down-regulated by irisin treatment. Hevin contributes to the synaptic maturation and formation in the developing brain 18, 19 . More recent evidence exhibited hevin-mediated neurite arborization and outgrowth of olfactory ensheathing cells 20 . This previous evidence supported our hypothesis that FNDC5/ irisin-facilitated astrocytic secretion of hevin promoted hippocampal dendritogenesis. Studies demonstrated that irisin increased ATP production and energy metabolism in mice carrying muscle-specific PGC-1α by inhibiting TGF-β1 21 . The recent study showed that irisin inhibits TGF-β1 through nuclear factor erythroid 2-related factor Figure 1 . Subacute treatment with irisin promotes dendritic enlargement of hippocampus through enhancing hippocampal transcripts of pgc-1a, fndc5, bdnf, and hevin, but reducing tgf-b1. A. Experimental design. Mice were intraperitoneally injected with irisin for seven days, followed by the sacrifice two days later. B-D. Quantitative analysis of dendritic length, branch point, and spine numbers. E. Quantitative analysis of pgc-1a, fndc5, bdnf mRNA. F. Quantitative analysis of tsp-1, tsp-2, hevin, sparc, tgf-b1. Data are presented as the mean ± standard error of the mean. *p < 0.05, **p < 0.01.
Journal of Exercise Nutrition & Biochemistry 2 in the heart 22 . These previous findings at least partially support our result that the decrease in astrocytic TGF-β1 by FNDC5/irisin may facilitate dendritic enlargement of the hippocampus.
Taken together, exercise-induced myokine, FNDC5/ irisin, may contribute to structural plasticity through elevating hevin and/or reducing TGF-β1 from astrocyte.
